Spheroidin (SPH) is the most highly expressed gene of the entomopoxvirus isolated from Amsacta moorei (AmEPV). The level of expression of poxvirus genes is believed to be governed in large part by the promoter. Poxvirus promoters generally consist of approximately 40 bp which frequently terminate at the 3h end with a translation initiating TAAATG sequence. We have examined the requirements for high levels of SPH gene expression by constructing AmEPV recombinants containing either the SPH promoter or the late vertebrate poxvirus promoter derived from the cowpox virus A-type inclusion (ATI) gene. In addition, we have examined SPH promoter derivatives which extend beyond the 3h TAAATG to include 2 or 20 bp of the 5h coding sequence of the SPH gene. Examination of insect cells infected with these AmEPV ATI-lacZ or SPH-lacZ recombinants
Introduction
Poxviruses are cytoplasmic DNA-containing viruses taxonomically classified into two subfamilies : the Chordopoxvirinae, whose various members infect vertebrate hosts (e.g. vaccinia, cowpox, variola and myxoma viruses) and the Entomopoxvirinae, whose members infect insects. Entomopoxviruses (EPVs) share both close morphological similarities and a cytoplasmic site of replication with the vertebrate poxviruses. During the late stage of the replicative cycle, virions of the EPVs become embedded within a protein matrix to form large cytoplasmic occlusion bodies (spheroids) consisting primarily of a single protein, spheroidin (Bilimoria & Arif, 1979 ; Arif, 1995) . This feature is similar to the embedding of cowpox virions within the A-type inclusions (ATI) within infected vertebrate cells. suggests that ATI-lacZ expression begins 12 h before and is essentially complete prior to any SPHlacZ expression, allowing functional distinction between the ATI and SPH promoters and implying that different factors regulate the two promoters within the insect environment. SPH promoter-regulated expression is significantly enhanced within infected insect cells by including the additional 20 bp of the N-terminal SPH coding sequences as part of the promoter. However, when any of the SPH promoter constructs, including those containing the downstream sequences, were inserted into vaccinia virus, only very low levels of β-galactosidase expression were observed. These results imply that downstream coding sequences within the SPH gene enhance SPH gene expression only within the insect environment.
Amsacta moorei entomopoxvirus (AmEPV) is the most wellstudied entomopoxvirus because it is one of the few insect poxviruses which has been adapted to replicate in cultured insect cells. The 115 kDa SPH protein is the major protein synthesized in AmEPV-infected cells and represents up to 30-40 % of the total protein of infected insect cells (Langridge & Roberts, 1982 ; Hall & Moyer, 1991 ; Winter et al., 1995) .
Similarly, the cowpox virus (CPV) ATI protein is one of the most highly expressed vertebrate poxvirus gene products (Patel & Pickup, 1987 ; Patel et al., 1988) . The AmEPV SPH gene and the CPV ATI gene are both considered to be late genes whose high level of expression is thought to depend predominately on the promoter (Patel & Pickup, 1987 ; Patel et al., 1988 ; Hall & Moyer, 1991 ; Winter et al., 1995) . The highly AT-rich SPH gene promoter contains the 3h TAAATG consensus sequence found in many vertebrate poxvirus late promoters within which transcription is initiated (Hall & Moyer, 1991 ; Davison & Moss, 1989) . The ATG within the TAAATG sequence also typically serves as the site for initiation of translation of the protein. Based on sequence similarities, it would be reasonable to predict that the regulation and expression of the ATI and the SPH genes would be accomplished in a similar fashion.
The function of SPH is also analogous to that of the polyhedrin protein, the major protein constituent of baculovirus occlusion bodies, in which the polyhedrin gene is again controlled by a strong promoter. The polyhedrin promoter of the baculovirus Autographa californica nucleopolyhedrovirus has been widely used for high level expression of recombinant proteins in insect cells (Pennock et al., 1984 ; Smith et al., 1983 ; Janssen et al., 1988 ; O'Reilly et al., 1992 ; van Lier et al., 1992 van Lier et al., , 1994 . By analogy, then, with both the CPV ATI and polyhedrin genes, the SPH gene promoter would be considered as a good candidate for a very strong late EPV promoter and a promoter to consider for high level expression of foreign genes within infected insect cells.
We have analysed the SPH gene promoter in both insect and vertebrate systems. We have demonstrated that both the ATI promoter and the SPH promoter, which contains an additional 20 bp of 5hSPH coding sequence beyond the typical 3h ATG of the TAAATG, can be efficiently utilized to give high levels of expression of the lacZ gene in insect cells. High levels of expression mediated by SPH promoters were found to be limited to insect cells, as any SPH promoter construct functioned poorly if at all in vertebrate cells. These results suggest that the SPH promoter is uniquely adapted for high levels of expression in the infected insect cell. Finally, within the limit of the constructs analysed here, the AmEPV system produces far more of the recombinant lacZ gene product than the comparable vaccinia virus system.
Methods
Cells and virus. AmEPV (Hall & Moyer, 1991) stocks were prepared in IPLB-LD-652 cells (Goodwin et al., 1990) which were maintained at 28 mC in a 1 : 1 mixed medium (TE medium) of TC-100 medium (Gibco) and EX-CELL 401 medium (JRH Biosciences), supplemented with 10 % foetal bovine serum. A thymidine kinase negative TK(k) cell line designated C11.3 was selected by a process of adaptation of TK(j) LD652 cells to increasing levels (10 µg\ml), every 5 weeks, of 5-bromo-2h-deoxyuridine (BUdR) up to 100 µg\ml BUdR over a period of 1 year and thereafter maintained in TE medium containing BUdR (100 µg\ml). Vaccinia virus (VV) WR strain (Condit & Motyczka, 1981) stocks were produced at 37 mC in CV-1 cells, maintained in Eagle's minimal essential medium (MEM) with Earle's salts supplemented with 5 % FBS. Rat TK(k) cells were maintained in MEM containing BUdR (100 µg\ml).
Plasmid construction pDU20lacZ. Oligonucleotide primers RM313 and RM314 (see Fig. 1 for details of the primers), which correspond to bp 4357 to 4376 and 5355 to 5336 of GenBank locus AAVSPHERE, were used to amplify a 998 bp fragment of downstream coding sequence of the SPH gene using pRH512 (Hall & Moyer, 1991) as a template. This PCR product contained a 5h HindIII and a 3h HindII site. Oligonucleotide primers RM316 and RM315, which were respectively from bp 2056 to 2075 and 3102 to 3083 of GenBank locus AAVSPHERE, were used to amplify a 1046 bp fragment containing the 3h end of the SPH promoter plus an additional 20 bp of sequence downstream of the translationinitiating TAAATG sequence using the plasmid pRH512 (Hall & Moyer, 1991) as a template. This PCR-produced fragment contains a 5h SacI and a 3h BamHI site. These two PCR products were separately cloned into the SacI-BamHI and HindIII-HindII sites of pBluescript I SK(j) to produce an intermediate plasmid, pDU20. The lacZ gene digested with BamHI from plasmid pMC1871 (Pharmacia) was inserted into the BamHI site of pDU20 to produce pDU20lacZ. The final reporter plasmid contains 1046 bp of potential SPH promoter sequence plus 20 bp of additional downstream SPH (coding) sequence following the TAAATG sequence before fusion to lacZ.
PDU2lacZ. The same strategy as for pDU20lacZ was used to construct pDU2lacZ. The only difference between pDU20lacZ and pDU2lacZ was that primer RM317 ( Fig. 1) , from bp 3084 to 3065 of GenBank locus AAVSPHERE, and RM316 ( Fig. 1) , was used to amplify a 1028 bp fragment containing the SPH promoter plus only 2 bp of additional downstream sequence following the translation-initiating TAAATG. The resulting reporter plasmid is then identical to PDU20lacZ except that only 2 bp of SPH-coding sequence follows the translation-starting ATG before fusion to lacZ.
pTK-ATIlacZ. Oligonucleotide primers RM325 and RM326, from bp 1 to 20 and bp 748 to 729 of GenBank locus AAVTHYKIN, were used to amplify a 748 bp fragment of the AmEPV TK gene downstream flanking sequence using plasmid pMEGTK-1 (Gruidl et al., 1992 pSPH-ATIlacZ. The same ATI-driven lacZ gene cassette from pVATIlacZ was cloned into pDU20 in which the SPH promoter had been deleted by MscI and PstI digestion to produce SPH-ATIlacZ. The final reporter plasmid has the ATI-lacZ reporter cassette as described flanked by promoter-less SPH-flanking sequences to facilitate creation of stable AmEPV recombinants through insertion of this plasmid into the AmEPV SPH gene.
pVL20lacZ and pVS20lacZ. Oligonucleotide primers RM417 and RM418 ( Fig. 1 ), which were respectively from bp 4123 to 4142 and bp 5874 to 5855 of GenBank locus VACPOLQ, were used to amplify the entire VV TK gene using the plasmid pJF2 as a template. The plasmid pJF2 contains the HindIII-XhoI fragment (from bp 4117 to 5876 of GenBank locus VACPOLQ) into which a multiple cloning site from pBluescript I has been inserted at the EcoRI site. This PCRproduced fragment containing a BssHII site at both ends was cloned into the BssHII site of pBluescript II KS(j) to produce an intermediate plasmid, pVTK. The SPH-lacZ gene cassette with " 1 kb of the SPH upstream flanking sequence was isolated from pDU20lacZ by digestion with SacI-HindIII and inserted into the SacI-HindIII site of pVTK to produce pVL20lacZ. The plasmid pVS20lacZ was produced by inserting an SPH-lacZ cassette of pDU20lacZ gene cassette with only 680 bp of the SPH upstream flanking sequence. The 680 bp fragment was obtained from pDU20lacZ by digestion with DraI and HindIII followed by insertion into the SmaI and HindIII sites of pVTK. These two reporter plasmids then contain either 1046 or 680 bp of SPH promoter sequence terminating in TAAATG plus an additional 20 bp of downstream SPH coding sequence fused to lacZ. This reporter cassette is cloned within VV TK flanks to facilitate the creation of stable orthopoxvirus recombinants.
pVL2lacZ and pVS2lacZ. These plasmids were constructed by inserting the SPH promoter-driven lacZ gene cassette (" 1 kb of the SPH upstream flanking sequence) isolated from pDU2lacZ following digestion with SacI-HindIII into the SacI-HindIII sites of the pVTK plasmid. pVS2lacZ was produced by inserting the SPH promoter-driven lacZ cassette derived from digestion of pDU2lacZ with DraI and HindIII into the SmaI and HindIII sites of pVTK. These two plasmids were identical to pVL20 and pVS20 except that only 2 bp of SPH coding sequence follows the 3h TAAATG sequence.
pV0lacZ and pVATIlacZ. The first step in the construction of these promoter-lacZ cassettes with no sequences downstream of the TAAATG sequence was to subclone the E. coli lacZ gene such that it lacked both a promoter and the ATG translational start codon. The plasmid pSC11, which contains the lacZ gene minus the first ten amino acids, was digested with XhoI and PstI to remove the desired 3072 bp fragment. This truncated lacZ gene was ligated into XhoI\PstI-digested pBluescript I KS(j) to give pBS-lacZ. This intermediate plasmid was used to generate the two promoter fusions. Digestion with KpnI linearizes the plasmid just upstream of the inserted lacZ gene. The SPH and ATI promoters were PCR-amplified using the following primer pairs and appropriate viral DNA template. For the CPV ATI promoter, RM210 (CTCGGTACCCTTGATAATCATATATTAAACACATTGG) and RM211 (CGTGACCTCCTCGAGAACATTTATTATAAAAAAA-TTTTATTC) amplified a 314 bp fragment, of which 288 bp was ATI promoter DNA. For the AmEPV SPH promoter, RM204 (CTCGGT-ACCATATTTTATGCAGTTTCAACTTTTGG) and RM205 (CCTTT-CTCGAGAACATTTATTATTATTAATATATAAAAAATAAAA-AGTCC) amplified a 309 bp fragment of which 287 bp was SPH promoter DNA. For each amplified promoter region, the upstream primer included a KpnI site and the downstream primer contained the starting ATG, a two base insertion to correct the reading frame, and a XhoI site. The PCR products were cut with KpnI and XhoI and individually inserted into linearized pBS-lacZ to produce the promoter-lacZ fusions. The promoter regions of all constructs were sequenced to ensure no PCR-generated errors. To enable the creation of stable VV recombinants inserted within the TK gene, transfer vectors were then constructed by subcloning the KpnI-PstI fragment into a plasmid, pRPVTK-MCS, which contained a multiple cloning site inserted within a cloned rabbitpox virus (RPV) TK gene. The plasmid pRPVTK-MCS was made by inserting the 1n76 Kb HindIII-XhoI fragment from the left-end of the RPV HindIII-J fragment, which contains the TK gene, into pBluescript. A polylinker was inserted into the single EcoRI site in the TK gene. The promoter-lacZ cassettes were inserted in an antiparallel orientation to the RPV TK gene promoter. The stable VV recombinants were selected using BUdR and standard techniques (Smith et al., 1984) . These plasmids contained a lacZ reporter gene regulated by either a 300 bp ATI or SPH promoter with no viral sequences 3h to the TAAATG. All relevant plasmids are illustrated diagrammatically in Fig. 2 .
Production and isolation of recombinant viruses. AmEPV recombinants with inserts in the SPH gene were obtained as follows. IPLB-LD-652 cells in a well of a six-well plate were infected with wildtype AmEPV at an m.o.i. of 5 p.f.u. per cell. Two hours post-infection (p.i.), the infected cells were transfected with 5 µg of plasmid DNA using lipofectin (Gibco). At 6 post-transfection, the medium was removed and replaced with 2 ml of fresh TE mixed medium. The supernatant of the infected cells was harvested 3 days post-transfection and served as the source of recombinant viruses. Dilutions of 10 −# to 10 −% of the supernatant were used to infect cells in six-well plates. After 2 h, the supernatant was removed and the cells overlaid with 2 ml 1 % SeaPlaque agarose prepared in TC-100 medium supplemented with 10 % FBS, to which X-Gal had been added to a final concentration of 120 µg\ml. Four or five days later, blue plaques were picked with a Pasteur pipette for further purification. After five rounds of purification, plaques were amplified and stored.
The selection of AmEPV TK(k) recombinants where reporter gene inserts are targeted for the AmEPV TK gene was facilitated by the use of C11.3 cells, a TK(k) cell line derived from LD652 cells in our laboratory. The same conditions of transfection and purification as SPH(k) AmEPV preparation were used except for the agarose overlay to which 100 µg\ml of BUdR was added for selection of the AmEPV TK(k) virus.
VV TK(k) recombinant viruses with reporter gene inserts within the viral TK gene were produced following lipofectin-mediated transfection of VV WR-infected cells with reporter plasmids containing TK-flanking sequences. Three days later, the supernatant of transfected cells was subjected to plaque purification. Blue plaques were selected in rat TK(k) cells by X-Gal and BUdR double selection by adding 120 µg\ml of X-Gal and 100 µg\ml of BUdR into 0n6 % agarose overlay. After three rounds of purification and one round of amplification in rat TK(k) cells, recombinants were amplified in CV-1 cells.
β-Galactosidase activity assay, pulse-labelling of proteins in AmEPV-infected cells and SDS-PAGE analysis. IPLB-LD652 cells (2i10& cells per well) or CV-1 cells (4i10& cells per well) in a 12-well plate were infected with recombinant viruses at an m.o.i. of 10 p.f.u. per cell for 2 h. After removing the inoculum, the cells were rinsed with serum-free TE or MEM media and 1 ml of fresh medium was then added to each well. At various times thereafter, the infected cells were harvested by scraping into the medium and frozen at k70 mC until assayed. The β-galactosidase activity assays were performed using o-nitrophenyl β--galactopyranoside (ONPG) as the substrate as described by Miller (1972) . β-Galactosidase activity was measured as absorbance at 420 nm and normalized for A %#! per mg total protein (Bradford, 1976 ). Pulselabelling of newly synthesized proteins for 1 h periods in AmEPVinfected insect cells was performed as previously described (Winter et al., 1995) . Protein electrophoresis using 10 % separating gels, and protein preparation using 2i-lysis buffer, were described previously (Hall & Moyer, 1991) .
Immunoblot assays. For immunoblotting, samples were run on duplicate SDS-PAGE gels. One gel was stained with Coomassie blue. The resolved proteins within the second gel were transferred at 250 mA for 3 h to a nitrocellulose membrane by using the Fisher Biotech semi dry blotting apparatus. The membrane was probed with polyclonal antibody against β-galactosidase (Sigma) at a dilution of 1 : 2000. Secondary antibody was goat anti-mouse conjugated to HRP at a 1 : 10 000 dilution, and ECL detection was performed as described by the manufacturer (Amersham).
RNA extraction, primer extension and Northern blot analysis. Cells were infected at an m.o.i. of 5 and harvested at 48 and 60 h p.i. Total RNA was isolated using a guanidinium thiocyanate-caesium chloride method (Chirgwin et al., 1979) .
Primer extension reactions were carried out with the primer SM288 (AGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTA), complementary to the lacZ gene sequence, as previously described (Hall & Moyer, 1991) . The primer was 5h end labelled with [γ-$#P]ATP and T4 polynucleotide kinase. Primer extension products were analysed by electrophoresis on 8 % denaturing polyacrylamide gel.
For Northern blot analysis, 10, 2 and 0n2 µg of total RNA isolated from infected cells was immobilized on Gene Screen hybridization transfer membranes with a vacuum dot blot apparatus. The membrane was probed with lacZ DNA released from plasmid pMC 1871 (Pharmacia) by BamHI and radiolabelled with [α-$#P]dCTP by random oligonucleotide extension.
Results

Nomenclature
To facilitate presentation and discussion of our results, the following nomenclature will be used to discuss our various Fig. 3 . Sequences of the ATI and SPH promoters used in the reporter gene constructs. The consensus sequence for poxvirus late promoters (Davison & Moss, 1989 ) is shown for comparison. The TAAATG motif contains the initiating ATG for translation. Transcription generally begins within the AAA following the (k1) designation.
recombinant virus promoter-reporter gene constructs. All poxvirus promoters which terminate with the 3h sequence TAAATG prior to fusion with the lacZ reporter gene will be referred to using the (0) nomenclature, i.e. SPH(0)lacZ or ATI(0)lacZ. SPH promoter constructs which continue beyond the TAAATG to include either 2 or 20 extra bp of SPH gene coding sequences prior to fusion to the reporter lacZ gene will be discussed using the designation SPH(2)lacZ or SPH(20)lacZ. Details of these constructs are found in Methods and in Fig. 2 with the relevant sequences of the promoters shown in Fig. 3 .
Production and verification of the AmEPV and VV recombinants
Unlike what is commonly observed with orthopoxviruses, spontaneous AmEPV TK(k) mutants, identified by plaquing on C11.3 cells in the presence of BUdR, are not readily detected. Furthermore, while commonly used in the genetic manipulation of orthopoxviruses, there is no information pertaining to the use of BUdR to select TK(k) entomopoxvirus mutants in insect cells. Therefore, we first evaluated the efficacy of using BUdR selection to isolate a TK(k) AmEPV virus as well as the ability of C11.3 cells to selectively propagate AmEPV TK(k) virus in the presence of BUdR. LD652 cells were infected with wt AmEPV and then transfected with the pDUTK vector (see Methods), which contains the cloned AmEPV TK gene with an internal deletion. After 4-5 days, the infected cell medium was harvested and plaqued on C11.3 TK(k) cells grown and maintained in 100 µg\ml BUdR. Multiple plaques were readily observed. Analysis of several random plaques by both restriction digests and PCR indicated that the expected TK deletion was present in all cases (data not shown) demonstrating that recombinants within the AmEPV TK gene can be readily isolated in the absence of any chromophoric reporter gene to facilitate detection of recombinant plaques. No spontaneous TK(k) mutations were observed (Y. Li, R. L. Hall & R. W. Moyer, unpublished results). Using similar procedures, the pTK-ATIlacZ plasmid was then used to place an ATI(0)lacZ reporter gene cassette within the AmEPV TK locus (Fig. 2 D) . Similarly, plasmids pDU20lacZ, pDU2lacZ and pSPH-ATIlacZ were used to prepare SPH(20)lacZ, SPH(2)lacZ and ATI(0)lacZ recombinant AmEPV where the reporter genes are inserted within a promoterless SPH gene (Fig. 2 A-C) . These last three AmEPV recombinants are SPH(k), produce no occlusion bodies and yield readily distinguishable plaques when examined microscopically.
The plasmids pVATIlacZ and pV0lacZ were used to introduce an ATI(0)lacZ or SPH(0)lacZ reporter cassette into the VV TK gene (Fig. 2 I, J) . The plasmids pVL20lacZ and pVS20lacZ were used to introduce SPH(20)lacZ reporter cassettes into the VV TK gene that contained either 1046 or 680 bp respectively of additional AmEPV sequences immediately 5h to the SPH gene coding sequence (Fig. 2 E, F) . Similarly, the plasmids pVL2lacZ and pVS2lacZ were used to introduce SPH(2)lacZ reporter cassettes containing 1046 or 680 bp of upstream AmEPV sequences (Fig. 2 G, H) .
β-Galactosidase expression in LD652 cells infected with AmEPV recombinants
During construction and purification of the AmEPV recombinants, it was noted that the SPH(20) recombinants were visualized earlier and more readily upon X-Gal staining than the SPH(2) recombinants due to an increased intensity and diameter of the blue colour surrounding the plaques resulting from the enhanced expression of β-galactosidase (Fig. 4) . Routinely, AmEPV SPH(20) recombinant blue plaques were detectable 1-2 days earlier than those produced by AmEPV SPH(2) recombinants.
A more complete quantitative analysis of β-galactosidase expression from the AmEPVlacZ recombinants is shown in Fig.  5(a) . Both ATI(0)lacZ recombinants yield high levels of β-galactosidase activity within the AmEPV-infected insect cell environment. When regulated by the ATI promoter, β-galactosidase activity is first detectable 12 h p.i., and expression is essentially complete by 36 h p.i. Within the limits of this experiment, there seems to be little effect of the environment into which the ATI(0)lacZ gene is placed, as the induction curves are virtually identical whether the foreign gene is inserted within the AmEPV TK or SPH genes. The kinetics of β-galactosidase expression when regulated by the SPH promoter are quite different from what was observed for the ATIlacZ constructs. Only minimal levels of β-galactosidase activity are detected until at least 24 h p.i., some 12 h after activity is first detected when expression is controlled by the ATI promoter. Enzyme activity then continues to increase until at least 60 h p.i. It appears from these data that when one compares the patterns of lacZ expression, the ATI and SPH promoters are temporally distinct. Finally, as inferred from the plaquing data in Fig. 4 , the SPH (20) promoter is far more active (some 8-fold) than the SPH(2) promoter, suggesting a strong positive effect on expression from the additional 18 bp which distinguish the SPH(20) from the SPH(2) promoter.
β-Galactosidase expression in CV-1 cells infected with VV recombinants
Our previous results suggested that only very low levels of SPH gene expression were observed when a cassette containing the SPH gene and promoter was inserted into either CPV or VV (Hall et al., 1996) . A detailed analysis of β-galactosidase expressed from VV recombinants containing the SPH(0), SPH(2) or SPH (20) promoter-driven lacZ cassettes shows that SPH promoter-mediated expression is again quite poor (Fig. 5 b) within infected vertebrate cells. Unlike what we have observed in infected insect cells (Fig. 5 a) , there is little if any enhancement of expression, when compared to the SPH(0) promoter, from the presence of either the 2 or 20 bp of additional downstream SPH promoter sequences. We have also analysed shorter SPH(2) or SPH(20) lacZ reporter cassettes containing only 680 bp of upstream AmEPV sequence instead of 1046 bp. Once again, there is no effect on lacZ expression upon deleting the most distal upstream 350 bp. None of these cassettes was very effective in promoting the synthesis of β-galactosidase in the environment of the infected vertebrate cell. On the other hand, ATI(0)lacZ-mediated expression as previously reported is quite strong (Fig. 5 b) (Patel & Pickup, 1987 ; Patel et al., 1988) in both the insect and vertebrate environments. Finally, based on specific activities as shown in Fig. 5 , in all cases comparing AmEPV and VV recombinants, the absolute levels of β-galactosidase synthesis per mg cellular protein are far greater in insect than in vertebrate cells.
Visualization of newly synthesized β-galactosidase in AmEPV-infected cells
As a consequence of creating SPH promoter constructs with downstream bases derived from the coding sequence of the SPH gene, additional amino acids are placed at the N terminus of the β-galactosidase protein. It is possible that these additional amino acids could alter the catalytic activity or the stability of the enzyme which in turn would lead to a misinterpretation in evaluating the various SPH promoter constructs which are based on enzymatic activity. Therefore, we have evaluated the accumulation of β-galactosidase in extracts of AmEPV-infected insect cells by Coomassie blue staining of SDS-polyacrylamide gels (Fig. 6 a) coupled with an immunoblot analysis (Fig. 6 b) to directly measure accumulation of the β-galactosidase. Finally, we have also evaluated the relative rates of synthesis of β-galactosidase directed by either the SPH(2) or SPH (20) promoters by pulse-labelling of infected cells.
A comparison of Fig. 6 (a) with 6 (b) clearly indicates that based both on Coomassie blue staining and immunoblot analysis, the level of β-galactosidase in infected insect cells is considerably higher from the AmEPV SPH(20) than the SPH(2) recombinant. Again, it is important to note for the experiments shown in Fig. 6 that all AmEPV β-galactosidase recombinants have been constructed using the SPH gene as the insertion site. Therefore, these recombinants are SPH(k) and most if not all the protein of approximately 115 kDa (particularly at late times) is the product of the foreign gene (β-galactosidase). The absence of SPH was confirmed by Western blot analysis using antisera against SPH (Hall et al., 1996) . These observations are consistent with the data of Fig. 5 which indicate that β-galactosidase regulated by the SPH(20) promoter accumulates to higher levels within infected cells than when regulated by the SPH(2) promoter.
In order to determine that the increased levels of β-galactosidase observed reflect increased rates of synthesis, rather than differential stability of the two proteins, we evaluated the rates of β-galactosidase synthesis of the two recombinants by periodic pulse-labelling of the infected insect cells (Fig. 6 c) . Again, as was the case for Coomassie blue staining (Fig. 6 a) and immunoblot analysis (Fig. 6 b) , comparing the patterns of synthesis of β-galactosidase regulated from the SPH(20) promoter or SPH(2) promoter, there is a greater rate of β-galactosidase synthesis when lacZ is under control of the SPH(20) promoter. Careful inspection of Fig. 6 (c) shows a second radiolabelled viral protein of " 115 kDa which is synthesized earlier than the β-galactosidase, which first appears Total RNA (10, 2 or 0n2 µg) was transferred to Gene Screen and hybridized to radiolabelled lacZ DNA as described in Methods.
considerably later. This earlier viral protein is not recognized by the anti β-galactosidase sera (compare Fig. 6 b and c) .
Therefore it is likely that the increased levels of β-galactosidase from the SPH (20) promoter are the result, at least in part, of an increased rate of synthesis. When CV-1 cells infected with the VV recombinants were examined, much less total β-galactosidase could be visualized (data not shown), again consistent with lower overall specific activity of β-galactosidase observed with infected CV-1 cells as compared to AmEPV-infected insect cells (Fig. 5) . Indeed, a protein band corresponding to β-galactosidase was only readily visible in crude extracts from the ATI (0) (2) promoter activity compared to that observed for the SPH(20) promoter could be that the additional downstream bases might have altered the fidelity of the transcription start site. Therefore, we analysed the transcriptional start sites for the SPH(20)-and SPH(2)-driven lacZ reporter genes within infected insect cells (Fig. 7) . Both sets of transcripts contained 5hpoly(A), typical of late poxvirus transcripts. Transcription of the inserted lacZ gene also, as expected, initiated within the TAAATG element (Rosel et al., 1986 ; Patel & Pickup, 1987 ; Hall & Moyer, 1991) . Surprisingly, the level of SPH(20) (Fig. 7 a) and SPH(2)lacZ (Fig.  7 b) transcripts, however, did not appear in this analysis to be significantly different. The level of transcripts was then quantified by dot blot analysis (Fig. 8 a, b) . It would appear from the experiment of Fig. 8 that the β-galactosidase mRNA levels are approximately the same for both viruses at either 48 or 60 h p.i. Therefore, the lower level of β-galactosidase expression from the SPH(2) promoter is not the result of either an obviously lower level of transcripts or the result of the faulty initiation of transcription as a consequence of the addition of downstream bases but instead may reflect a less efficient translation of the mRNA.
Discussion
The development in our laboratory of technology allowing ready manipulation of the AmEPV genome has allowed us to investigate some of the regulatory properties of the SPH promoter. We have cloned the reporter gene lacZ under control of variants of the presumed SPH promoter or the CPV ATI promoter. These reporter genes were cloned into either the TK or SPH genes of AmEPV. The ready isolation of inserts into the AmEPV TK locus has shown that like the SPH gene (Palmer et al., 1995) , the TK gene is non-essential for AmEPV growth in cell culture. One additional advantage of the TK gene for genetic manipulation of the virus is that like other complex DNA viruses which contain TK genes and the orthopoxviruses in particular (Weir et al., 1982 ; Nakano et al., 1982) , eliminating TK gene function, and passaging the virus on TK(k) cell lines, such as the C11.3 cells we have developed, in the presence of BUdR, allows for a powerful, positive selection for the TK(k) virus which carries the recombinant gene (Mackett et al., 1982 ; .
SPH is expressed as a late gene and can constitute up to 30 % of the total cell protein in AmEPV-infected cells (Langridge & Roberts, 1982 ; Hall & Moyer, 1991 ; Winter et al., 1995) . We have previously shown that the SPH gene contains a putative promoter terminating with a 3h TAAATG sequence typical of late poxvirus promoters. There is also a region of very high AT content upstream of the promoter region, again typical of late promoters found in orthopoxviruses. It is reasonable to assume that the SPH promoter is in large part responsible for this high level of expression (Hall & Moyer, 1991) . The first indication that the SPH promoter might be unusual was our discovery that when a native SPH gene, together with what was presumed to be the natural promoter for the gene, was inserted into VV, little if any expression was observed (Hall et al., 1996) . The second indication of unusual behaviour was the observation that when constructing various AmEPV SPHlacZ recombinants, certain recombinant plaques, as measured by lacZ expression, could be detected much earlier than others by a broader and more intense pattern of staining, e.g. if the SPH promoters extended 20 bp beyond the TAAATG into the SPH coding sequence (Fig. 4) .
Quantitative analysis of SPH promoters containing either 2 or 20 bp 3h to the TAAATG sequence showed that the extra 20 bp leads to at least an 8-fold enhancement of expression (Figs 5 and 6) in AmEPV-infected insect cells. Consistent with our earlier results, however, we observed that none of the three SPH promoters tested, SPH(0), SPH(2) or SPH(20), containing 0, 2 or 20 bp following the 3h TAAATG, show significant activity when cloned into VV and subsequently used to infect vertebrate CV-1 cells (Fig. 5 b) . It is clear that the SPH promoter is uniquely optimized for the insect cell environment. It remains to be seen whether the regulation of SPH is unique, or is typical of AmEPV late genes.
Like SPH, the ATI protein of CPV is expressed late in infection and also functions to sequester the virions within a protective proteinaceous matrix. However, the ATI promoter, unlike the SPH promoter, functions quite well within both vertebrate and insect environments (Fig. 5) . Further evidence that these promoters are distinct, despite the fact that they are both expressed late in infection in their respective systems and control genes of similar function within their respective environments, comes from an examination of the kinetic pattern of β-galactosidase synthesis observed for the two promoters within the infected insect cell. The synthesis of ATI promoter controlled β-galactosidase begins some 12 h earlier and is essentially complete before the maximum rate of synthesis of β-galactosidase regulated by SPH promoters occurs (Fig. 5 a) . The clear implication of these results is that activation of the ATI and SPH promoters within AmEPVinfected insect cells is determined by different ancillary factors.
Why are SPH promoters containing 20 bp downstream of the 3h TAAATG at least 8-fold more active than those that contain only 2 bp of downstream sequence? Indiscriminate addition of bases downstream of what is considered to be the normal 3h end of the promoter (TAAATG) could negatively impact the start site of transcription in an unintended fashion. There is very little information pertaining to the role of coding sequences downstream of the promoter as to how they might influencing poxvirus gene expression, although recently it has been shown that elements of an early transcription factor bind downstream of the promoter core (Cassetti & Moss, 1996) . However, primer extension analysis of the SPH(2)-and SPH(20)-mediated transcripts shows no aberrations in the initiation process nor surprisingly in the levels of transcripts present (Figs 7 and 8) , observations which have been verified with several independent mRNA isolates. The higher levels of β-galactosidase expression from SPH(20)lacZ as compared to SPH(2)lacZ constructs are also not the result of protein instability or differential intrinsic catalytic activities of the two enzymes. Experiments which measured accumulation by Coomassie blue staining (Fig. 6 a) and immunoblot analysis (Fig. 6 b) or rates of synthesis directly through pulse-labelling of newly labelled proteins (Fig. 6 c) are most easily explained by differential rates of synthesis. Collectively, our findings could imply that the effect of the additional bases downstream of the SPH promoter is to enhance translation rather than rates of transcription.
The SPH promoter represents the first promoter described which is not universally recognized amongst heterologous poxviruses. Why this is so, and what are the components which allow the unique recognition of this promoter within infected insect cells, are of clear interest if one wishes to understand the various aspects of poxvirus gene expression.
